In recent years, information about the movements and timing of migration by male sea turtles has begun to be unraveled. Here, we present the first satellite tracking of male loggerhead sea turtles (Caretta caretta) in the eastern Atlantic. Satellite linked transmitters were attached to five adult males, captured in the near shore waters off Boavista, Republic of Cape Verde. This archipelago hosts the single most important breeding site of loggerhead turtles in the eastern Atlantic. Animals were tracked for periods ranging between 48 and 537 days, including a probable annual remigration to the vicinity of the nesting ground for one turtle. Males showed a variety of movement patterns both during and after the breeding season. Of three males that transmitted for 85, 329 and 537 days, two (the smallest) migrated east and remained in oceanic waters for the tracking period and another (larger turtle) migrated 810 km northeast, to neritic waters off the coast of Mauritania, Western Africa. Results suggest males may show the same size-linked dichotomy in migratory strategies, as has been shown for females from this population.
Introduction
Many aspects of the ecology and behavior of wide-ranging migratory marine species have remained elusive due to their generally cryptic nature, the huge scales over which they move and the logistical difficulties of tracking their movements in real time. The advent of 'biologging' (Block, 2005; Bograd et al., 2010; Gleiss et al., 2011; Hart and Hyrenbach, 2009) , using technologies such as accelerometers (Fossette et al., 2012) and GPS loggers and transmitters (Schofield et al., 2010b; Witt et al., 2010) and satellite tracking, has permitted unrivaled insights into the ecology of such species, although much still remains to be understood. The loggerhead turtle (Caretta caretta) is a sub-tropical and temperate migratory species with a complex life history (Witzell, 2002) . During their life cycle, loggerhead turtles generally move over large spatial scales, occupying different habitats at different life-stages (Bolten, 2003; Musick and Limpus, 1997; Peckham et al., 2011; Polovina et al., 2004 Polovina et al., , 2006 .
In the generally accepted life history model for loggerhead turtles (Musick and Limpus, 1997) , sexually mature animals of both sexes migrate from their foraging areas to mate in the vicinity of their natal beaches. Recent studies of several different sea turtle species have confirmed that after mating, males return to the foraging area (Arendt et al., 2012a; James et al., 2005a; Schofield et al., 2010a; Shaver et al., 2005; Van Dam et al., 2008 , see also Appendix 1 in Godley et al., 2008 for a full review) while females come ashore to lay eggs several times over the course of the nesting season. After incubation, hatchling turtles emerge from the nest and make their way to the sea. During the first few years of life, these small juvenile turtles are thought to occupy oceanic habitats and feed on pelagic organisms (Bolten, 2003; Musick and Limpus, 1997) . When juvenile turtles reach larger sizes (46-64 cm, estimated for Western North Atlantic populations; Bjorndal et al., 2000) , they typically move to coastal neritic habitats, often close to their natal beaches, and change their foraging behavior to feed on benthic fauna (Hopkins-Murphy et al., 2003) . After reaching sexual maturity, turtles may change their neritic foraging grounds or continue using juvenile feeding areas .
A growing body of satellite tracking studies, however, has suggested that there is some flexibility in this life history model for loggerhead turtles. For example, although many larger juvenile turtles ontogenetically shift to neritic habitats, others are thought to remain exclusively in oceanic habitats (Peckham et al., 2011) , while others may switch reversibly between the two (Mansfield et al., 2009; McClellan and Read, 2007) . Likewise, it appears that adult loggerhead turtles from some populations forage in the oceanic zone (e.g. Cape Verde: Hawkes et al., 2006; and Japan: Hatase et al., 2002b) , while loggerhead turtles from other populations may switch reversibly between the two (e.g. Mediterranean: Casale et al., 2012a; Greece: Schofield et al., 2010a; Zbinden et al., 2008 , Oman: Rees et al., 2010 , USA: Hawkes et al., 2011 . The foraging strategy used may also be correlated with adult size as in the Cape Verde islands (Hawkes et al., 2006) and Japan (Hatase et al., 2002b) , with larger females foraging neritically and smaller turtles pelagically. The drivers of this size-linked foraging dichotomy, however, have not yet been resolved (Hatase et al., 2010) . This complexity hinders an understanding of the distribution of each population and, consequently, implementation of conservation measures.
There is a growing body of information about the spatial ecology and behavior of adult male sea turtles (Casale et al., 2007 (Casale et al., , 2012b Hays et al., 2010; James et al., 2005a James et al., , 2005b Limpus, 1993; Ragland et al., 2011; Shaver et al., 2005; Van Dam et al., 2008) , despite the difficulty of studying them compared to females, as they do not generally come onto land, thus requiring in-water capture. Among the existing information available, results have shown use of neritic foraging habitats by adult male loggerhead turtles from the USA and Greece (Arendt et al., 2012a (Arendt et al., , 2012b Ragland et al., 2011; Schofield et al., 2010a) , use of oceanic habitat by Japanese male loggerhead turtles (Hatase et al., 2002a; Sakamoto et al., 1997) and switching between both habitat types by adult male loggerheads in Greece (Schofield et al., 2010a) , suggesting that their migratory behavior may be broadly similar to adult female turtles.
Adult male turtles, however, likely differ in their migratory behavior in at least one key respect -the interval between breeding migrations (also known as the remigration interval). For females this is usually between two and three years (Broderick et al., 2003; Dodd, 1988; Miller et al., 2003) , but there is some evidence that this may be shorter for males , but see also James et al., 2005a; Wright et al., 2012a Wright et al., , 2012b . Hormonal studies by Wibbels et al. (1990) suggested that males could breed every year and limited evidence from flipper tagging (Balazs, 1983; Limpus, 1993) has supported this. The most accurate method with which to measure remigration intervals at an individual scale, however, is by satellite tracking and this approach has been used to confirm annual remigration intervals for three adult male loggerheads in Greece Schofield et al., 2010a) , and males returning either annually or biannually to foraging grounds on the Mediterranean (Casale et al., 2012b) . A difference in remigration intervals between males and females, if it existed, could be meaningful in a conservation context if it meant that there was a difference in the relative threat to which the sexes are exposed (Van Dam et al., 2008) .
The Republic of Cape Verde holds the world's third largest loggerhead nesting colony, with an estimated 15,300 nests laid annually, and is the single most important site for loggerhead turtles in the eastern Atlantic (Marco et al., 2012) . The vast majority of nests are laid on Boavista island, in the east of the Archipelago. Nesting on Boavista starts in June and ends in October, peaking in August (Marco et al., 2012; Varo-Cruz, 2010 ) but with a relatively protracted onset of nesting, when compared to other more temperate loggerhead rookeries (Arendt et al., 2012a (Arendt et al., , 2012b Margaritoulis, 2005) . Although the breeding ecology (Abella, 2010; Marco et al., 2011 Marco et al., , 2012 Varo-Cruz, 2010 ) and migratory strategies (Hawkes et al., 2006) of female loggerhead turtles are beginning to be better understood for the Cape Verde islands, almost nothing is known of male turtles from the population. In this study we tracked five loggerhead males captured in the near shore waters off Boavista island, Republic of Cape Verde, using satellite telemetry in order to describe the migratory routes and foraging grounds used by adult males.
Material and methods
Adult male loggerhead turtles were opportunistically captured either by fishermen operating out of Sal-Rei town in the north west of Boavista (16°06′N, 22°48′W), (n = 3), or during surveys by project staff using either free-diving techniques (to 10 meters depth, n = 1) or SCUBA (n = 1). Although the majority of nesting takes place on the southeast of Boavista, the majority of males (n = 3) were captured in the northwest of the island, where the only major settlement on Boavista island is located. Males were captured over eight years, due to limited project funding and logistical constraints. Table 1 Summary data for five male loggerhead turtles captured and released on Boavista, Cape Verde. Data filtering is described in the Material and methods section. Un-filtered data shown in brackets. CCL: curved carapace length. SMRU: Sea Mammal Research Unit. ER: epoxy resin. FG: fiberglass. Along track distance traveled (km) and maximum displacement distance (km) were calculated as the sum of the distances between each individual location and the greatest distance from the release site to each subsequent location, respectively. in Table 1 ). The sex of the turtles was confirmed by tail length (a secondary sexual feature; Pritchard and Mortimer, 1999) . It was only possible to determine the reproductive status of male E through in-water observations of courtship and mating activity, thus the reproductive status of the other four males was unknown and it is possible they may have been non-breeding adult males foraging in Cape Verdean waters. Individuals were kept between one and four days after capture (Table 1) depending on the logistics required for attachment (i.e. transporting the tag and the turtle to the same location), and released less than 16 km from the original capture locations. Data were downloaded into the Satellite Tracking and Analysis Tool (Coyne and Godley, 2005) and filtered to retain data with Argos location classes 3, 2, 1 and A (Hays et al., 2001; Witt et al., 2010) , transit speeds less than 5 km h −1 and turning angles greater than 20°. We divided the data into (i) breeding, (ii) migration and (iii) foraging phases by plotting the distance between each location and the original deployment location, producing a displacement curve (Blumenthal et al., 2006 ; Fig. 1 ). Migration can thus be visualized as directed movements away from and towards the deployment site while nesting and breeding phases show relatively little displacement (Hawkes et al., 2012) .
Results
Adult male turtles were captured over a wide range of months, from May to August, incorporating the majority of the nesting season (Marco et al., 2012) . Two males were captured prior to the nesting season (May and early June), and the other three males were captured during the nesting season (late July and early August). Adult male turtles were tracked for between 48 and 537 days. One turtle (male C) moved away from the Cape Verde islands soon after being released (during the peak of the nesting season). The other four (males A, B, D and E) remained in the area after transmitter deployment for between 36 and 101 days (mean value 58.5 days, n = 4; Fig. 2 ; Supplement 1). Transmissions received from two turtles (A and B) were insufficient to reconstruct migration away from Cape Verde (Table 1) . However, male B (who was also released towards the peak of the nesting season) was located in Cape Verdean waters for 101 days, which could suggest residency. The other three turtles (C, D and E) moved eastwards 1, 36 and 49 days after deployment, respectively.
Male departure occurred at the beginning of the nesting season for male D (20 June), close to the start for male E (22 July) and approximately in the middle for male C (17 August). All three turtles headed to Mauritanian and Senegalese waters. Turtles C and E made wandering, oceanic movements until location messages ceased to be received (59 and 244 days later respectively; Fig. 2 ). Turtle D, the largest of the tracked turtles, migrated eastwards to shallow coastal waters of the Gulf d'Arguin, off the coast of Mauritania (810 km to the northeast of Boavista island) and remained there for 75 days when location messages ceased to be received by the Argos system. However, 78 days later, the transmitter was apparently still functioning and the turtle was located in oceanic waters 390 km to the southwest of the previous location.
Two turtles (D and E) were tracked for 222 and 244 days respectively in their foraging grounds, until they departed in the direction of Cape Verde (Fig. 2) . Turtle D traveled 285 km westwards from his foraging ground in 11 days (mean speed 1.0 km h −1
) and arrived back in Cape Verdean waters close to Boavista in mid March, 307 days after initial deployment (Fig. 3) . Turtle E departed his foraging ground in April, covering 413 km westwards to Cape Verdean waters in 14 days (mean speed 1.2 km h
−1
). Unfortunately the satellites ceased receiving location data 130 km to the south of Santiago island (Cape Verde). The transmitter on turtle D functioned sporadically and did not provide location throughout his assumed second breeding season, but location data received one month later situated him 340 km to the south of Boavista.
Discussion
Our results provide the first description of the movement of male loggerhead turtles from one of the world's largest populations of loggerhead turtles. They demonstrate that Cape Verdean adult male loggerhead turtles use coastal and oceanic West African waters as putative foraging grounds in a manner similar to that previously reported for adult females from the same population (Hawkes et al., 2006) . Although our sample size is small, in addition to plasticity in migratory strategy, the data also suggest that there may be potential 'residency' at the breeding area.
The present study also suggests that immediate departure of adult male turtles from Boavista to foraging grounds may not always occur. Indeed, three of the males were captured late in the nesting season (although the present state of knowledge does not inform on whether females may still be receptive to mating at this time) and one of these males remained in Boavista waters for a further 101 days. Loggerhead turtles from northern Greece and the USA have relatively short nesting seasons (approximately three months; Arendt et al., 2012a Arendt et al., , 2012b Margaritoulis, 2005) and previous tracking studies have suggested that male turtles there may depart the breeding area at the beginning of the nesting season (Arendt et al., 2012a (Arendt et al., , 2012b Schofield et al., 2010a; Shaver et al., 2005) perhaps because females may no longer be receptive to mating (Miller, 1996; Plotkin et al., 1996; Schofield et al., 2009) . In Boavista the onset of the nesting season is relatively protracted, with nesting numbers peaking some two months after start of the season. The situation in Boavista may be more similar to Ascension Island, where mating continues after the nesting season has started. As the first nesting females depart for foraging grounds, new nesting turtles may be arriving, and male turtles may thus remain at the breeding area as long as suitable females are present (Godely et al., 2002) .
The possible male residency is further reinforced by sightings of adult male loggerheads in the waters around Boavista in winter months (December to February: pers obs Cejudo, López and Varo-Cruz). Some authors have suggested that although the areas close to the nesting grounds could be poorer in terms of prey availability than other foraging grounds (Arendt et al., 2012b; Shaver et al., 2005) , resident behavior could be advantageous if choosing not to migrate resulted in an energetic saving that could be directed towards reproduction (Arendt et al., 2012b; Schofield et al., 2009; Van Dam et al., 2008) . Whether this might be the case for the Cape Verde islands is unclear but may be worthy of further investigation.
Unfortunately the results of the present study were somewhat hampered by relatively limited tag performance. Although it is not possible to discern the cause for this in the present study (Hays et al., 2007) one likely cause could be the build-up of fouling organisms on and around the salt-water switch, preventing the transmitter from detecting surfacing and sending location messages. This could be remedied in future studies by the modest use of anti-fouling products. Despite this, our results highlighted flexibility within individual foraging strategies for adult male turtles. Most notably, turtle D was initially located in neritic foraging areas off the coast of Mauritania, but was then later located in an oceanic foraging area. Individual 'polymorphism' of this type has been reported for loggerheads in the Indian Ocean (Oman, Rees et al., 2010) , in the West Atlantic (USA, Hawkes et al., 2011; Reich et al., 2010) , and the Mediterranean Sea (Schofield et al., 2010a; Zbinden et al., 2008 Zbinden et al., , 2011 . In the Cape Verde loggerhead population, small turtles may be constrained to oceanic waters, as diving ability scales with body size and thus small turtles may be insufficiently capable divers to exploit neritic habitat beyond a certain depth (Hawkes et al., 2006; Mori, 2002; Schreer et al., 2001; Zbinden et al., 2011) . The fact that the Cape Verde population nests in a volcanic archipelago about 500 km off the continental shelf of West Africa, could mean that turtles feeding in neritic zones may find foraging opportunities in pelagic waters on their way to West African coast, and might develop particular behavioral traits to explore the oceanic environment even though the neritic zone may be a source of more nutritious prey items (Hatase et al., 2004; Hawkes et al., 2006; Schofield et al., 2010a) . The male that used two distinct foraging habitats in our study was monitored during two different foraging seasons and showed high intra-seasonal fidelity as has been shown for some other populations of loggerhead turtles (Broderick et al., 2007; Schofield et al., 2010a; Shaver and Rubio, 2008) .
Satellite tracking of adult female loggerhead turtles from Cape Verde has revealed a dichotomy in migratory strategies that appears to be linked to body size (Hawkes et al., 2006) . The data suggest that smaller females forage over enormous areas in the oceanic environment between Cape Verde and mainland West Africa, while larger turtles occupy relatively discrete foraging areas close to the coast of West Africa, where they likely feed on the benthos. It is yet unclear whether this pattern exists for adult male turtles from the Cape Verde population, but that we found neritic foraging in only the largest of the male turtles tracked in the present study (carapace length 92 cm), and oceanic foraging in the smallest turtles (carapace lengths b87 cm) is suggestive that it is possible. Future work should encompass a larger sample size of male turtles, over a greater range of carapace sizes and ideally could incorporate other techniques with which to assess the probability of oceanic versus neritic foraging (e.g. stable isotopes of Carbon and Nitrogen, Pajuelo et al., 2010 Pajuelo et al., , 2012 Reich et al., 2008 Reich et al., , 2010 Seminoff et al., 2012; Zbinden et al., 2011) .
Our results also suggest that at least some adult male turtles from the Cape Verde population may make annual remigrations to breed. This has also been shown for other Mediterranean populations of loggerhead turtles Schofield et al., 2010a , but see also Casale et al., 2012b; Wright et al., 2012b) . Cape Verdean adult females generally remigrate to nest every two to three years (64.9% of turtles every two years and 27.0% every three years), although annual nesting has been recorded for 1.2% of nesting females (Varo-Cruz, 2010) . If the remigration intervals we have recorded for adult male turtles in the present study were reflective of the entire population, and we note the small sample size, assuming an estimated hatchling sex-ratio of 60-70% female (Abella, 2010; Varo-Cruz, 2010) , this would result in an 'operational sex ratio' (proportion of sexually active males to receptive females) that could be relatively 'balanced' (1 female to 1 male) or even male biased (see also Hays et al., 2010; Wright et al., 2012a Wright et al., , 2012b . Future work could use molecular techniques and comprehensive in-water surveys around Boavista to assess to what extent this might actually be the case. Given the threat of future climate change (Hamann et al., 2007; Hawkes et al., 2009; Poloczanska et al., 2009) it seems an avenue of research worthy of investigation.
Adult female and male turtles from the Cape Verde islands appear to be distributed over a vast area of the eastern Atlantic, including international and territorial waters of Cape Verde, Mauritania, Senegal, Gambia, Guinea Bissau, Guinea Conakry and Sierra Leone. This large range mandates international cooperation to implement effective measures for the conservation of marine turtle populations (Hawkes et al., 2006) . Specific habitat use patterns and the extent to which turtles exhibit intrapopulation and intra-individual polymorphism could not be fully addressed in this study, owing to the small sample size and relatively short transmitter durations, but inform future research priorities. Future work should also seek to incorporate multiple types of biologging technologies, including stable isotope approaches, to inform dietary niche partitioning between neritic, oceanic and polymorphic individuals (McClellan et al., 2010; Reich et al., 2010; Zbinden et al., 2011) . Additionally using genetics and oceanic current modeling techniques to investigate the provenance of mixed stock oceanic foraging aggregations would offer great insight .
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